Introduction
Actinide/Be-based radioactive sources are typically used for cost-effective fast-neutron irradations. Neutrons are produced when the α-particle from the decay of the actinide interacts with the 9 Be nucleus. If one is only interested in neutrons, a major drawback associated with these sources is the gammaray field produced by the original actinide. Higher-energy gamma-rays are also produced via the α + 9 Be → n + 12 C * reaction. However, if detected, these 4.44 MeV gamma-rays can be used to "tag" the corresponding neutrons [1] , resulting in a polychromatic energy-tagged neutron beam. In this paper, we employ the neutron-tagging technique to measure tagged, fast-neutron yields from 241 AmBe and 238 PuBe using a NE-213 liquid-scintillator detector. We also measure the corresponding untagged gamma-ray yields using a Ceriumbromide (CeBr 3 ) detector. Our goal was to measure the tagged-neutron yields provided by the two sources and indentify which provided the higher taggedneutron yield.
Apparatus

Actinide/Be-based sources
For the investigations performed in this work, both 241 Am/ 9 Be (Am/Be) and . The difference in the weighted mean α-particle energies is thus only about 10 keV. When these α-particles interact with 9 Be, fast neutrons are produced. Because the weighted mean of the incident α-particle energies NE-213 liquid-scintillator neutron and gamma-ray detector; CeBr 3 gamma-ray spectroscopy detector; YAP(Ce) gamma-ray trigger detector.
is essentially the same for both actinides, the energy spectra of emitted neu-
trons are anticipated to demonstrate strong similarities. These neutrons have a maximum energy of about about 11 MeV [3] . If the recoiling 12 C is left in its first-excited state, the freed neutron is accompanied by an isotropically radiated prompt 4.44 MeV de-excitation gamma-ray. The radiation fields associated with these sources are thus a combination of the gamma-ray field associated with the original actinide together with 4.44 MeV gamma-rays and their associated fastneutrons. Our Am/Be source radiates approximately 1.14 × 10 6 neutrons per second [4] , while our Pu/Be source radiates approximately 2.99 × 10 6 neutrons per second [5] , both nearly isotropically.
Detectors
The NE-213 liquid-scintillator and YAP(Ce) and CeBr 3 gamma-ray detectors used in the measurements for this work are shown in Fig. 1 . The assembly was coupled to a µ-metal shielded 7.62 cm ET Enterprises 9821KB photomultiplier tube (PMT) and base [11] . Operating voltage was set at about −1900 V, and the energy calibration was determined using standard gammaray sources together with a slightly modified version of the method of Knox and
NE-213 liquid-scintillator detector
Miller [12] . See Refs. [1, 13] for more detail.
YAP(Ce) 4.44 MeV gamma-ray detectors
The YAP(Ce) (YAlO 3 , Ce + doped) gamma-ray detectors employed in this measurement were provided by Scionix [14] . Each detector was comprised of a cylindrical (2.54 cm long × 2.54 cm ) crystal [15] attached to 2.54 cm Hamamatsu Type R1924 PMT [16] . YAP(Ce) is a useful gamma-ray trigger scintillator in a strong radiation field as it is both radiation hard and relatively insensitive to fast neutrons. Operating voltage was set at about −800 V, and energy calibration was determined using standard gamma-ray sources. These YAP(Ce) detectors were used to count the 4.44 MeV gamma-rays eminating from the sources and thus tag the corresponding emitted neutrons. See Refs. [1, 13] for more detail.
CeBr 3 gamma-ray detector
The CeBr 3 gamma-ray detector employed in this measurement was provided by Scionix [14] . The detector was comprised of a cylindrical (3.81 cm long × 3.81 cm ) crystal [17] attached to a 5.08 cm Hamamatsu Type R6231
PMT [16] . Due to its fast response without slow scintillation components and excellent energy resolution (3.8% FWHM for the full-energy peak produced by the 662 keV gamma-ray from 137 Cs), CeBr 3 is a useful scintillator for gamma-ray spectroscopy. Operating voltage was set at about −850 V, and energy calibration was determined using standard gamma-ray sources. The CeBr 3 gamma-ray detector was used to measure the gamma-ray spectra associated with the Am/Be and Pu/Be sources.
Measurement
Setup
The measurements described below were performed sequentially for each of the actinide/Be sources. The CeBr 3 detector used for gamma-ray spectroscopy was located 50 cm from the source and placed at source height. Neutron shielding by organic materials or water was not employed to avoid production of 2.23 MeV gamma-rays from neutron capture on protons. The threshold for the 
Electronics and data acquisition
The analog signals from the NE-213 detector were sent to Phillips Scientific stop signal for this TOF TDC. A CES 8210 branch driver was employed to connect the CAMAC electronics to a VMEbus and a SIS 3100 PCI-VME bus adapter was used to connect the VMEbus to a LINUX PC-based DAQ system.
The signals were recorded and processed using ROOT-based software [18] . See
Refs. [1, 13] for more detail.
Results
Pulse-shape discrimination (PSD)
We employed the "tail-to-total" method [19] [20] [21] to analyze the time dependence of the scintillation pulses to discern between gamma-rays and neutrons.
The pulse shape (PS) was defined as where LG and SG were the integrated charges produced by the scintillationlight pulses in the LG and SG QDCs, respectively. Figure 2 shows a contour PSD distribution obtained using the Pu/Be source for tagged events when the NE-213 detector started the TOF TDC and the YAP(Ce) detector stopped the TOF TDC. Tagged background was clearly sparse, and the separation between neutrons and gamma-rays was excellent.
Time-of-flight (TOF)
Data from the TOF TDC were calibrated and used to establish the neutron time-of-flight. Correlated gamma-ray pairs originating in the sources and detected one in the NE-213 detector and one in a YAP(Ce) detector provided a "gamma-flash" 2 . T 0 , the instant of emission of the neutron from the source, was determined from the location of the gamma-flash in the TOF spectra using the 2 For example, from the α decay of 241 Am to an excited state of 237 Np.
speed of light and measurements of the distances between the YAP(Ce) detector, the NE-213 detector, and the source. In the top panel of Fig. 3 , the excellent separation between gamma-rays and neutrons is illustrated in a contour plot of PS against TOF. In the bottom panel, the contour plot has been projected onto the TOF axis. Further, the black-line cut from Figure 4 shows our untagged gamma-ray yields obtained with the CeBr 3 detector. Other than cycling the sources, no changes were made to the apparatus.
Untagged gamma-ray yields
A software cut has been placed at 1 MeV to exclude very low energy gammaray events, including room-associated background. Over this energy range, the gamma-ray field from the Pu/Be source is clearly stronger than that from the Am/Be source, but the structure is very similar. The structures in the Pu/Be and Am/Be gamma-ray distributions between about 3 and 5 MeV correspond to neutron-associated gamma-rays from the de-excitation of 12 C * . The full-energy peak appears at 4.44 MeV, while the corresponding first-and second-escape peaks appear at 3.93 MeV and 3.42 MeV, respectively. The average of the ratio of the integrals of these yields between 3.3 and 4.5 MeV is 2.6. The peak at 2.61 MeV corresponds to the de-excitation of 208 Pb * to its ground state and is largely due to isotopic impurities in our sources, and to a lesser extent room background. gamma-ray detectors. Our data are livetime-corrected yields -they have not been corrected for neutron-detection efficiency or detector acceptance. Note that other than physically swapping the actinide/Be sources, absolutely no changes were made to our apparatus during data acquisition. In both panels, the maximum values of the Lorch spectra at ∼3 MeV have been normalized to our distributions. Due to the neutron-tagging procedure, our data show no strength above ∼7 MeV as 4.44 MeV is taken by the creation of the de-excitation gamma-ray. Our results for Am/Be presented in the top panel are shown together with the widely quoted full-energy neutron spectrum of Lorch [3] 3 and the ISO 8529-2 reference neutron radiation spectrum. Agreement between the Lorch data and the reference spectrum is good between 2.5 MeV and 10 MeV. 
Tagged-neutron yields
Summary
We have measured untagged gamma-ray and tagged-neutron yields from agree well with previous data obtained for the respective sources. Further, the shape of the Am/Be distribution agrees well with the ISO 8529-2 reference neutron radiation spectrum. We determined that our Pu/Be source emits roughly 2.4 times as many taggable neutrons as our Am/Be source, also in reasonable agreement with the original full-spectrum source-calibration measurements performed at the time of their acquisition. Observed differences in the details of the shape of the neutron spectra will be the subject of future investigations.
